1. Introduction {#sec1}
===============

In 2004, Geim et al. successfully isolated graphene using the micromechanical method.^[@ref1]^ Graphene is a 0 eV gap semimetal,^[@ref2]^ with Dirac cone^[@ref3]−[@ref5]^ and a very high carrier mobility.^[@ref6]−[@ref8]^ A theoretical study indicated that a half-metallic electronic structure could be realized in a zigzag-edged graphene nanoribbon driven by a transverse electric field.^[@ref9],[@ref10]^ Motivated by changing chemical potentials,^[@ref11]−[@ref13]^ edge functions,^[@ref14],[@ref15]^ chemical doping with boron and nitrogen atoms,^[@ref11],[@ref13],[@ref16]^ domains,^[@ref17],[@ref18]^ van der Waals structures,^[@ref19]−[@ref21]^ topological line defect (LD),^[@ref14],[@ref22]−[@ref24]^ and other methods^[@ref25]−[@ref27]^ are used to tune the magnetic and electronic properties of low-dimensional materials. As a result, a completely spin-polarized electronic transport is expected in these nanostructures.^[@ref11]−[@ref14]^ Limited by a strong E-field^[@ref9],[@ref10]^ and the operating accuracy of chemical functions,^[@ref15],[@ref28]−[@ref30]^ it is hard to realize experiments.^[@ref9],[@ref11]^ As a result, spin polarization of a graphene nanoribbon has not yet been observed in experiments.^[@ref14]^

Another method of realizing spin polarization and half-metallicity is doping with a transitional metal (TM),^[@ref16],[@ref31]−[@ref36]^ such as cobalt (Co),^[@ref37]−[@ref40]^ iron (Fe),^[@ref41]−[@ref43]^ manganese (Mn),^[@ref35],[@ref44],[@ref45]^ nickel (Ni),^[@ref46]−[@ref48]^ and vanadium (V).^[@ref49]^ A single TM atom adsorbing on either perfect^[@ref50]^ or defective graphene^[@ref32],[@ref36]^ has been widely investigated,^[@ref36],[@ref51],[@ref52]^ showing quite attractive geometrical, magnetic, and electronic properties.^[@ref36],[@ref49],[@ref52]−[@ref54]^ Atomic chain adsorption on the surface is also observed in the experiments.^[@ref31],[@ref55]^ But there are only few theoretical studies that investigate atomic chains, especially metal atomic chains, on defective graphene and graphene ribbons.^[@ref33]^ It is the objective of the present work to study the adsorption of TM chains on graphene and systematically investigate the geometrical, magnetic, and electronic properties.

In 2018, Zhong et al. successfully synthesized periodically embedded four- and eight-membered rings with the on-surface method.^[@ref56]^ And graphenes with LD are semiconductors with a reduced band gap.^[@ref56],[@ref57]^ In our previous investigation, the electronic and mechanical properties of graphene with LD consisting of squares and octagons have been predicted.^[@ref57]^ The LD could introduce defective states in the original forbidden band gap.^[@ref14],[@ref57]^ And the valance band maximum (VBM) and the conduction band minimum (CBM), which are usually relative to the chemical active sites, are also transferred from the edge sites to the LD atoms.^[@ref57]−[@ref59]^ When the TM atoms adsorb on graphene, they intend to adsorb at these defective sites with high chemical active properties of the graphene.^[@ref31]−[@ref33],[@ref58],[@ref60]^ Salmeron found that water could split graphene and intercalates.^[@ref61]^ Cheng investigated single TM atom adsorption on graphene.^[@ref50]−[@ref52]^ Researchers have only recently focused on the single TM atom adsorption on graphene sheet in their work, but the topological, structural, magnetic, and electronic properties of the TM atom adsorption on graphene are still unknown. Therefore, it is urgent to investigate how the TM atom adsorbs on graphene with LD, which consists of octagons and squares. Besides, both the VBM and CBM of graphene embedded with LD, consisting of octagon and pentagon (5--8--5)^[@ref14],[@ref57]^ or square and octagon (4--8),^[@ref57]^ localize at the LD sites. The effects of the adsorption of TM on graphene are still unknown. Furthermore, the well-defined atomic structure of nanowire can help overcome practically one of the challenges of nanoelectronics.^[@ref62]^ This point is urgently needed for the development of molecular electronics,^[@ref63]−[@ref66]^ single-molecule sensors,^[@ref67]−[@ref69]^ and electrocatalytic energy conversion.^[@ref70]^

2. Computational Details {#sec2}
========================

The calculations of defective graphene nanoribbon, adsorption with TMs are performed by using a numerical radial function basis set DMol^3^ package,^[@ref71],[@ref72]^ which is based on the density functional theory. The Perdew--Burke--Ernzerhof (PBE)^[@ref73]^ functional is used to describe the exchange--correlation interaction between electrons. The double numerical atomic orbital augmented by polarization functions (DNP)^[@ref74]^ is adopted as the basis set. The vacuum space along the *z*-direction is set as large as 16 Å to avoid the interaction between imaginary images. The real-space global cutoff radius is set to 5.6 Å. Geometry optimization, total energy, density of states (DOS), and band structure calculations are sampled with 8 × 3 × 1, 16 × 6 × 1, 20 × 8 × 1, and 160 Monkhorst−Pack *k*-point^[@ref75]^ meshes, respectively. For TM (TM = Co, Fe, Mn, Ni, V) adsorption on LD-embedded graphene sheet, a large 4 × 1 × 1 (5 carbon hexagons along the *b⃗* direction) supercell is adopted to simulate isolated TM adsorption, while a smaller 2 × 1 × 1 (11 hexagons along *b⃗* direction) supercell is used to calculate the adsorption of "metal chains" on the graphene sheets. The energy and electron density is converged to 1 × 10^--6^ au (1 Hartree = 27.21 eV). Geometry optimizations are performed until the corresponding values are less than 2 × 10^--3^ au/Å on the gradient, 5 × 10^--3^ Å on the displacement, and 1 × 10^--6^ au on the total energy. Graphene is used as a testing system to check accuracy. The C--C bond length in graphene is calculated to be 1.42 Å, which is consistent with the experimental value.^[@ref6]^ To analyze the interaction strength between TM and graphene, charge partitioning is calculated by the Hirshfeld method.^[@ref76]^

3. Results and Discussion {#sec3}
=========================

3.1. Geometry of Graphene with LD {#sec3.1}
---------------------------------

We first optimize the geometry of graphene with LD, which consists of successive squares and octagons. The corresponding optimized geometry is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The corresponding C--C bond lengths of octagon are 1.50, 1.39, and 1.43 Å. While for the square, the corresponding C--C bond lengths are 1.50 and 1.40 Å.^[@ref57]^ Compared to perfect graphene, whose C--C bond length is 1.42 Å, some C--C bonds are slightly compressed (1.40 and 1.39 Å), while others are enlarged (1.50 Å). More details can be found in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). And this is consistent with the previous simulated results.^[@ref56]^ Six adsorption sites have been investigated. H stands for the hollow site, and H~1~, H~2~, and H~3~ denote perfect hollow sites of perfect hexagon, octagon, and square, respectively. B~1~ and B~2~ denote the bridge site of perfect hexagonal and defective rings, respectively. T~1~ indicates the top site of perfect hexagons.

![Extended LD made of paired tetragonal and octagonal rings in graphene nanoribbon. H~1~, H~2~, H~3~, T~1~, B~1~, and B~2~ denote adsorption sites, hollow, top and bridge sites, respectively. The gray ball presents the carbon atom.](ao9b04154_0011){#fig1}

In this work, the adsorption energy (*E*~ad~) is defined as*E*~ad~ denotes the adsorption energy of TM, *E*~mg~ denotes the energy of the complex of TM and graphene, and *E*~TM~ and *E*~g~ represent the energies of the single TM atom and graphene with LD, respectively. *E*~TM~ is calculated using stable bulk energy of TM divided by the number of the atoms.^[@ref77]^ As more transition-metal atoms adsorb on the graphene with grain boundary, the transition-metal atoms form clusters at the grain boundary areas. To simply the problem, we here mainly investigate the adsorption of low-concentration TM atoms on graphene.

3.2. Electronic Structure and Magnetic Properties of TM (TM = Co, Fe, Mn, Ni, V) Adsorption on Graphene {#sec3.2}
-------------------------------------------------------------------------------------------------------

In this section, the geometry of single TM atom on graphene is investigated. The adsorption configurations of H~1~, H~2~, H~3~, B~1~, B~2~, T~1~, and T~2~ sites are calculated. The corresponding supercell sizes along the lattices *a⃗* and *b⃗* are 17.30 and 13.71 Å, respectively. The distance between the metal atom and the corresponding image is at least 12 Å to avoid the artificial interaction between metal atom and its image.

### 3.2.1. Electronic Structure and Magnetic Properties of Co Atom Adsorption on Graphene {#sec3.2.1}

The calculated *E*~ad~, the corresponding bond length between carbon and metal atoms, charge transfer, magnetic moment (MM) of system, and TM atom are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The different adsorption sites H~1~, H~2~, H~3~, and B~1~ correspond to different *E*~ad~ values. Compared to H~1~ and H~2~ configurations, the hollow site of square (H~3~) has the highest stability. And the corresponding *E*~ad~ value is 1.91 eV, which is larger than H~1~ (1.41 eV), H~2~ (1.12 eV),^[@ref49]^ and B~1~ (1.04 eV). For the H~3~ site, the corresponding Co--C bond length is 2.00 Å, implying that the Co atom prefers to stay in the center of square. The B~1~ site has the smallest *E*~ad~ value (1.04 eV), which means that this site is the most unstable in energy. For H~2~ and H~1~ sites, the Co atom stays in the center of the octagon and hexagon, respectively. And the *E*~ad~ value of H~2~ is slightly smaller than that of the H~3~ site, but larger than that of the B~1~ site. It seems that the Co atom tends to stay at the hollow site of square, octagon, and hexagon. And for the hollow site, 0.30 *e* electron transfers from the Co atom to graphene. For the bridge site, charge transfer is only 0.19 *e* electron, which implies weaker interaction between the Co atom and graphene. *E*~ad~, charge transfer, and magnetic properties are also investigated. For H~2~, H~3~, and H~1~, the total magnetic moment (MM) is 1.63, 1.14, and 1.36 μ~B~, respectively. While for B~1~, the total MM is 2.54 μ~B~. Most of magnetic moments come from the Co atom, which is confirmed by the spin densities of H~2~, H~3~, H~1~, and B~1~, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. For the H~1~ configuration, the Co atom contributes 1.72 μ~B~ (total MM is 1.47 μ~B~). Each next-nearest carbon atom contributes 0.03 μ~B~ MM.

###### Adsorption Energies and Structural Properties for H~1~, H~2~, H~3~, and B~1~ Sites Investigated in This Work[a](#t1fn1){ref-type="table-fn"}

                           distance (Å)                                      
  ------ ---------- ------ -------------- ------ ------ ------ ------ ------ ------
  H~2~   --686.01   1.12   2.19           2.19   2.18   2.18   0.29   1.63   0.99
  H~3~   --686.80   1.91   2.00           2.00   2.00   2.00   0.29   1.14   0.99
  H~1~   --686.30   1.41   2.15           2.14   2.14   2.15   0.28   1.36   1.47
  B~1~   --685.93   1.04   2.12           2.13                 0.19   2.54   2.50

The properties listed are *E*~ad~ (eV); bond lengths *d*~1~, *d*~2~, *d*~3~, and *d*~4~ (Å); charge transfer between TM and graphene Δρ (*e*); and total magnetic moments MM (μ~B~) and TM MM~Co~ (μ~B~).

For the H~2~ configuration, the Co atom contributes 0.99 μ~B~ MM. For the H~3~ configuration, the Co atom contributes 1.47 μ~B~ MM.^[@ref50],[@ref52]^ For the B~1~ configuration, the Co atom contributes 2.50 μ~B~ MM. From [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, it can be concluded that the magnetic moment mainly localizes at the Co atom and quickly decreases at a long distance from the Co atom.^[@ref50],[@ref52]^

![Spin density of the Co atom adsorbing on graphene with different positions. Adsorption sites of the (a) hollow site of the octagon (H~2~), (b) hollow site of the quadrangle (H~3~), (c) hollow site of perfect hexagon (H~1~), and (d) the bridge site (B~2~) of the hexagon. The isovalue is 0.003 e/Å^3^.](ao9b04154_0007){#fig2}

In the above section, it is found that the H~2~ site is the most stable adsorption site. When the two Co atoms adsorb on graphene, they intend to form a "metallic line".^[@ref78]^ The corresponding bond length of Co--C is 2.01 Å, and the distance between the Co atoms is about 4.30 Å, which is larger than corresponding bond length of the Co--Co atom (2.51 Å) in the bulk. Two Co atoms can ferromagnetically or antiferromagnetically couple with each other, and the corresponding FM and antiferromagnetic (AFM) spin densities are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b, respectively, where blue and red represent spin-α and spin-β densities of electrons, respectively. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, both Co atoms show spin-α density (they have the same color) and hence they ferromagnetically couple with other. Each Co atom has 1.01 μ~B~ MM, and Co-LD has 2.00 μ~B~ MM. While two Co atoms show different spin-α and spin-β densities, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, which implies that the two Co atoms antiferromagnetically couple with other. One Co atom has −1.00 μ~B~ MM, while the other has 1.00 μ~B~ MM, so that the total MM equals 0.00 μ~B~. The MM value decreases quickly when it is far away from the Co atom. Carbon atoms far away from LD have no magnetic moment.^[@ref54]^ Compared to the original graphene with LD, the Co atoms indeed introduce magnetism and spin polarization.^[@ref14],[@ref51],[@ref52],[@ref54],[@ref57]^ The energy difference (Δ*E*) is defined as the energy difference between FM and AFM magnetic configurations, defined as followswhere *E*~FM~ and *E*~AFM~ stand for energies of FM and AFM states, respectively. For Co adsorbing on graphene with LD, the corresponding Δ*E* value is 0.10 eV, which implies the FM ground state. Δ*E* is the energy difference between the AFM and FM phases per unit cell. Here, Δ*E* can be approximately chosen to be the total energy difference between the AFM and FM phases.

![(a--d) Spin density, spin-polarized band structure, and partial DOS (PDOS) of Co-LD. (a) Spin density of (c) FM and (b) antiferromagnetic (AFM) configuration of Co-LD. The gray and violet balls represent C and Co atoms, respectively. (d) Band structure and (e) DOS of Co-LD. The blue and red lines represent spin-α and spin-β electrons, respectively. Here, the isovalue is set 0.003 e/Å^3^. The gray and blue balls represent carbon and cobalt atoms, respectively.](ao9b04154_0001){#fig3}

The corresponding band structure and DOS are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d, respectively. From the band structure, we can find that the FM ground state is spin-polarized. The spin-α electrons show half-metallic properties, while spin-β electrons show semiconductive properties with a band gap of 0.30 eV. And this is consistent with the analysis of PDOS, shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). The states near the Fermi level are mainly contributed by Co atoms and partially by the carbon atoms (octagon and square), shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). The gap of spin-β electron is 0.30 eV, much larger than the excited energy of electron at room temperature (300 K, 0.026 eV). Therefore, the gap is large enough to ensure the stability of half-metallicity. The Co atoms tend to form a metallic line, which could work as a spin filter. When the spin-α and spin-β electrons come across LD adsorption with Co atoms, only spin-α electrons could pass through the graphene nanoribbon, while the spin-β electrons are unable to pass.

### 3.2.2. Electronic Structure and Magnetic Properties of Fe Atom Adsorption on Graphene {#sec3.2.2}

In this section, we investigate the structural, magnetic, and electronic properties of Fe-LD. First, single Fe atom adsorption on graphene is studied and shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, from which [2](#tbl2){ref-type="other"}it can be found that the most stable adsorption site is H~3~. The corresponding *E*~ad~ value is about 1.42 eV, with the corresponding Fe--C bond length of 2.05 Å, meaning the Fe atom is in the center of the square. While for H~2~, H~1~, and B~1~ sites, the corresponding *E*~ad~ values are 0.90, 1.04, and 0.03 eV. For the H~1~ configuration, *E*~ad~ is similar to that of Fe atom adsorption on perfect graphene, 1.02 eV.^[@ref50],[@ref52]^ The Fe--C bond lengths of the H~3~ site are 2.32 and 2.72 Å, respectively, which are larger than the 2.08 Å.^[@ref51]^ The *E*~ad~ value of the most stable H~3~ site is 0.40 V larger than that of the H~1~ site. The H~2~ site (hollow site of octagon) is 0.10 eV lower than the H~1~ site in energy. While B~1~ site is the most unstable site in the considered four sites, it only has 0.03 eV, which means that the Fe atom adsorption at this site is easily shifted for the smaller migration barrier.^[@ref49]^ And the corresponding Fe--C bond length is 2.35 Å, which is larger than that of the H~1~ site (2.12 Å).

###### Adsorption Energies and Structural Properties of H~1~, H~2~, H~3~, and B~1~ Sites Investigated in This Work[a](#t2fn1){ref-type="table-fn"}

                           distance (Å)                                      
  ------ ---------- ------ -------------- ------ ------ ------ ------ ------ ------
  H~2~   --685.49   0.90   2.32           2.32   2.72   2.72   0.26   4.02   3.54
  H~3~   --686.06   1.42   2.05           2.05   2.05   2.05   0.35   2.02   2.45
  H~1~   --685.63   1.04   2.12           2.12   2.12   2.12   0.28   2.29   2.17
  B~1~   --684.99   0.03   2.35           2.35                 0.17   4.36   4.17

The properties listed are *E*~ad~ (eV); bond lengths *d*~1~, *d*~2~, *d*~3~, and *d*~4~ (Å); charge transfer between the Fe atom and graphene Δρ (*e*); and total magnetic moments MM (μ~B~) and TM (irion) MM~Fe~ (μ~B~).

When the TM atom adsorbs on graphene, it usually follows charge transfer. For the H~2~ site, the Fe atom loses 0.35 *e* electron. While for the H~2~ and H~1~ sites, the corresponding charge transfers are 0.26 and 0.28 *e* electrons. For the most unstable B~1~ site, it is only 0.17 *e* electron, which means that charge transfer between the Fe atom and graphene could be neglected. The charge transfer and *E*~ad~ show the same trend. Only one part of electrons transfer from the Fe atom to graphene. For the H~3~ site, it has 2.00 μ~B~, and the Fe atom contributes 2.45 μ~B~ MM, whose spin density is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. Each carbon atom of the square has −0.03 μ~B~ MM. For carbon atoms far away from LD, there is no magnetic moment distribution. For the H~2~ site, the whole system has 4.02 μ~B~ MM, while the Fe atom contributes 3.54 μ~B~ MM. Each carbon atom of the octagon contributes 0.02 and 0.04 μ~B~ MM. For the H~1~ site, the Fe atom has 2.29 μ~B~ MM, and the whole system has 2.17 μ~B~ MM. Each hexagonal carbon atom has −0.02 μ~B~ MM, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. For the B~1~ site, the Fe atom has 2.17 μ~B~ MM, and the whole system has 4.36 μ~B~ MM. Each carbon atom connected to the Fe atom has 0.02 μ~B~ MM, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. In a word, it can be found that the magnetic moment mainly localizes at the Fe and nearby C atoms.^[@ref52]^

![Spin density of iron adsorption on the graphene nanoribbon. Single iron atom adsorption on (a) H~2~, (b) H~1~, (c) H~3~, and (d) B~1~ sites. The isovalue is set to 0.003 e/Å^3^. Blue and red present spin-α and spin-β electrons, respectively.](ao9b04154_0010){#fig4}

In this part, the magnetic and electronic properties are systematically investigated, and spin density, spin-polarized band structure, and DOS of Fe-LD are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The Fe atom prefers to stay at the H~3~ site, so two Fe atoms tend to form a "metal line".^[@ref33]^ The corresponding Fe--C bond length is 2.07 Å (2.07 Å × 4), which is consistent with the H~3~ site, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, and the corresponding Fe atom has 2.40 μ~B~ MM. The other Fe--C bond length is 2.12 Å, which is consistent with that of the H~1~ site, and the Fe atom has 2.40 μ~B~ MM. Two Fe atoms lose about 0.38 *e* electron, and each Fe atom loses 0.19 *e* electron, respectively. Two Fe atoms have the same spin, so Fe atoms ferromagnetically couple with each other, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The carbon atoms of square have opposite spins of −0.04 and −0.05 μ~B~ MM, respectively. The AFM configuration is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. And one Fe atom has 2.40 μ~B~ MM, while the other has −2.40 μ~B~ MM. One carbon atom bounded with the Fe atom (2.40 μ~B~) has 0.04 μ~B~, and other carbon atoms has −0.04 μ~B~. The Δ*E* value defined as the energy difference between FM and AFM configuration is about 0.05 eV. The spin-polarized band structure and DOS of the FM ground states are also calculated, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d. There is a Dirac cone for spin-α electron above the Fermi level. It implies that Fe-LD keeps the original Dirac cone of the perfect graphene, but it reduces the original generacy.^[@ref6]^ Besides, the states near the Fermi level are mainly contributed by the spin-α electrons, while the contribution from spin-β electrons could be eliminated. The spin-α electron is conductive, while the spin-β electron is an insulator with a band gap of 0.13 eV, which implies that Fe-LD is half-metal. The gap of the spin-β electron could ensure that the electron could not be thermally excited from the VBM to CBM at room temperature. The PDOS of Fe-LD is also calculated, and the result is shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). From PDOS, we can find that the states near the Fermi level are mainly contributed by Fe atoms. It implies that bonding states are contributed by Fe atoms. The first peak above the Fermi level also comes from the contribution of Fe atoms, which implies that antibond states are composed of spin-β electrons.

![(a--d) Spin density, spin-polarized band structure, and PDOS of Fe-LD. (a) Spin density of (c) FM and (b) AFM Fe-LD. The blue and gray balls denote Fe and carbon atom, respectively. (d) Band structure and (e) PDOS of Fe-LD. The blue and red lines represent spin-α and β electrons, respectively. Here, the isovalue is 0.003 e/Å^3^. The blue and gray balls represent iron and carbon atoms, respectively.](ao9b04154_0002){#fig5}

### 3.2.3. Electronic Structure and Magnetic Properties of Mn Atom Adsorption on Graphene {#sec3.2.3}

The structural, magnetic, and electronic properties of single Mn atom adsorption on graphene with LD are also systematically investigated. And all results are shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. For the H~2~ site, the Mn atom lies in the center of the hexagon, and the corresponding Mn--C bond length is 2.44 Å. The *E*~ad~ value is 1.16 eV. The Mn atom loses 0.31 *e* electron. For the H~3~ site, the Mn--C bond length is 2.30 Å and the Mn atom lies in the center of the square.

###### Adsorption Energies and Structural Properties of the Mn Atom for H~1~, H~2~, H~3~, and B~1~ Sites Investigated in This Work[a](#t3fn1){ref-type="table-fn"}

                           distance (Å)                                      
  ------ ---------- ------ -------------- ------ ------ ------ ------ ------ ------
  H~2~   --684.52   1.16   2.44           2.44   2.44   2.44   0.31   5.23   5.05
  H~3~   --684.75   1.39   2.30           2.30   2.30   2.30   0.25   5.04   5.06
  H~1~   --684.28   0.92   2.63           2.63   2.63   2.63   0.29   5.79   5.47
  B~1~   --683.55   0.19   2.40           2.40                 0.26   5.67   5.42

The properties listed are *E*~ad~ (eV), *d*~1~, *d*~2~, *d*~3~, *d*~4~ (Å), Δρ (*e*), MM (μ~B~), and MM~Mn~ (μ~B~).

The corresponding *E*~ad~ value is 1.39 eV, which is the largest value among the considered sites. For the H~1~ site, the corresponding Mn--C bond length is 2.63 Å and *E*~ad~ = 0.92 eV, which is consistent with the previous result.^[@ref51]^ For the B~1~ site, the corresponding Mn--C bond length is 2.40 Å and *E*~ad~ is quite small. The Δρ value between Mn and graphene is only 0.26 *e* electron, which is smaller than other configurations.

In the above section, the structural properties of Mn adsorption on graphene are investigated. In this section, the magnetic properties of all kinds of configurations are also listed. For the H~2~ site, the Mn atom contributes 5.23 μ~B~ MM, while Mn-LD has 5.05 μ~B~ MM. For the H~3~ configuration, the Mn atom contributes 5.04 μ~B~ MM, while the whole system has 5.06 μ~B~ MM. For the H~1~ configuration, the Mn atom lies in the center of the hexagon. And the Mn atom has 5.47 μ~B~ MM, while the whole system has 5.79 μ~B~ MM. Each carbon atom of the hexagon connected with the Mn atom contributes 0.03 μ~B~ MM. For the B~1~ site, the Mn atom has 5.42 μ~B~ MM and total MM equals 5.67 μ~B~. Each carbon atom connected with the Mn atom has 0.03 μ~B~ MM. And the nearby carbon atoms have 0.03 μ~B~ MM. The carbon atoms far away from the adsorption site contribute quite small that can even be neglected. For all considered configurations, the spin density mainly localizes at the adsorption sites and quickly decreases when far away from the adsorption sites. And this point is similar to other TM atoms ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [6](#fig6){ref-type="fig"}).

![Spin density of Mn atom adsorption on graphene and the corresponding sites of (a) H~3~, (b) H~2~, (c) H~1~, and (d) B~1~. And the corresponding isovalue is set to 0.003 e/Å^3^.](ao9b04154_0008){#fig6}

Among the H~1~, H~2~, H~3~, and B~1~ sites, the most stable adsorption site is H~3~. Therefore, when two Mn atoms adsorb on graphene, two Mn atoms tend to form a metal line, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b, respectively. The corresponding Mn--C bond length is 2.31 (2.31 Å × 4) and 2.30 Å (2.30 Å × 4). Two kinds of magnetic configuration FM and AFM are considered. And the corresponding spin density is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b, respectively. Δ*E* = 0.02 eV. For FM configuration, each Mn atom loses 0.24 *e* electron, which transfers to graphene. Each Mn atom has 5.00 μ~B~ MM, and the carbon atoms (eight atoms) of square bonded to the Mn atom contribute −0.01 μ~B~ MM (−0.01 × 8 μ~B~). And the whole system has 10.00 μ~B~ MM.

![(a) Spin density of (c) FM and (b) AFM configurations of Mn-LD. The red and blue lines represent the spin α and β electrons, respectively. (d) Spin-polarized band structure and (e) DOS of Mn-LD. The medium slate blue and gray balls represent manganese and carbon atoms, respectively.](ao9b04154_0003){#fig7}

For AFM configuration, each Mn atom loses 0.19 *e* electron. And one Mn atom has 5.00 μ~B~ MM, while the other has −5.00 μ~B~ MM. The carbon atoms of the square to the Mn atom (5.00 μ~B~ MM) has −0.02 μ~B~ MM, while carbon atoms connected with the Mn atom (−5.00 μ~B~ MM) have −0.02 μ~B~ MM, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. The whole system only has 0.00 μ~B~, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. The corresponding *E*~ad~ value is 2.50 eV, which is consistent with the single Mn atom adsorbing on the graphene. The electronic property of Mn-LD at the FM ground state is also calculated, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c,d. From the band structures, we can find that both spin-α and spin-β electrons show contribution at the Fermi level. As a result, both spin-α and spin-β electrons could come through the Mn-LDs. By the analysis of the PDOS, we can also find that the states near the Fermi level mainly come from the contribution of Mn atoms. Two peaks at 0.56 and −0.65 eV also come from the contribution of Mn atoms. Besides, there are several Dirac cones existing in the Mn-LD. There is a Dirac cone at 0.19 eV above the Fermi level for the spin-β electrons. There is also a Dirac cone at 0.56 eV above the Fermi level for the spin-β electrons. While for the spin-α electrons, there are two Dirac cones at 0.05 eV above the Fermi level.

### 3.2.4. Electronic Structure and Magnetic Properties of Ni Atom Adsorption on Graphene {#sec3.2.4}

In this part, the structural, magnetic, and electronic properties of the Ni atom adsorption on graphene are systematically investigated. Different adsorption H~2~, H~3~, H~1~, and B~1~ sites are investigated, and the results are shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The most stable adsorption site is also the H~3~ site, with *E*~ad~ = 2.28 eV, and the corresponding Ni--C bond length is 2.03 Å (2.03 Å × 4), which is smaller than the Ni--C bond lengths of the H~1~ and H~2~ sites. The Ni atom loses 0.27 *e* electron. While for the H~2~ site, the corresponding *E*~ad~ value is 1.58 eV, which means that the B~1~ site is the most unstable site in the considering sites. The corresponding Ni--C bond length is 2.14 Å (2.14 Å × 4). And 0.20 *e* electron is transferred from the Ni atom to the graphene layer. For the H~1~ site, the corresponding *E*~ad~ value is 1.90 eV and the corresponding Ni--C bond lengths is 2.13 Å (2.13 Å × 3) and 2.12 Å (2.12 Å × 3). The graphene gets 0.19 *e* electron from the Ni atom. For the B~1~ site, the corresponding *E*~ad~ value is 1.72 eV, which is smaller than that of the H~1~ and H~3~ sites. The corresponding Ni--C bond length is 1.94 Å (1.94 Å × 2), which is the smallest value in the results presented in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. And graphene gets 0.21 *e* electron from Ni atom. For all of the considered H~1~, H~2~, H~3~, and B~1~ sites, both Ni and total MM equal 0.00 μ~B~, which is consistent with single Ni atom adsorption on the perfect graphene sheet.^[@ref49]^ Compared to the H~1~ (0.19 *e*), H~2~ (0.20 *e*), and B~1~ (0.21 *e*) sites, the H~3~ site has the largest *E*~ad~, which corresponds to the largest charge transfer (0.27 *e*).

###### Adsorption Energies and Structural Properties of Ni Atom for the H~1~, H~2~, H~3~ and B~1~ Sites Investigated in This Project[a](#t4fn1){ref-type="table-fn"}

                           distance (Å)                                   
  ------ ---------- ------ -------------- ------ ------ ------ ------ --- ---
  H~2~   --686.42   1.58   2.14           2.14   2.14   2.14   0.20   0   0
  H~3~   --687.12   2.28   2.03           2.03   2.03   2.03   0.27   0   0
  H~1~   --686.74   1.90   2.13           2.13   2.12   2.12   0.19   0   0
  B~1~   --686.56   1.72   1.94           1.94                 0.21   0   0

The properties listed are *E*~ad~ (eV); bond lengths *d*~1~, *d*~2~, *d*~3~, and *d*~4~ (Å); charge transfer between TM and graphene Δρ (*e*); and total magnetic moments MM (μ~B~) and Mn MM~Ni~ (μ~B~).

For all kinds of adsorption sites, the H~3~ site has the largest *E*~ad~. So, the two Ni atoms intend to form a line, when the two Ni atoms adsorb on the graphene. In this part, the structural, magnetic, and electronic properties of Ni-LD are calculated. The corresponding Ni--C bond length is 2.04 Å. Each Ni atom loses about 0.18 *e* electron, and graphene sheet gets 0.36 *e* electron from two Ni atoms. Each Ni atom has 0.30 μ~B~ MM, and Ni-LD has 1.00 μ~B~ MM. The spin density is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. The spin density of carbon atoms mainly localizes at the defective zones, and it quickly decays when far away from defective areas. The Ni-LDs are at the FM ground state, and the AFM state is unstable. The *E*~ad~ value of two Ni atoms adsorption at the H~3~ site is 4.30 eV, which is consistent with the *E*~ad~ value of isolated Ni atom adsorption on graphene. The spin-polarized band structure and density of state are also investigated, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}.

![(a--d) DOS and band structures of Ni-LD. The blue and gray balls denote Ni and carbon atoms, respectively. (a--c) Spin-polarized spin density, band structures, and PDOS of Ni-LD, respectively. Top-view (a) and side-view (b) spin density of FM of Ni-LD, (c) band structure, and (d) DOS of Ni-LD. The blue and red lines represent the spin-α and spin-β electrons, respectively. Here, the isovalue is set to 0.003 e/Å^3^.](ao9b04154_0004){#fig8}

From the band structure, it can be found that Ni-LD is a common spin-polarized metal, and both spin-α and spin-β electrons could make contribution to the conduction. The analysis of DOS is also confirmed by the above analysis. Both spin-α and spin-β electrons have occupied states at the Fermi level, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c. Besides, the states near the Fermi level mainly come from the contribution of the Ni and defective carbon atoms. And more details could be found in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf) in the Supporting Information. It is also quite interesting that for the single Ni atom adsorption on graphene, the whole system shows spin-unpolarized ground state. The whole system has no magnetic moment, no matter the Ni atom locates at the H~1~, H~2~, H~3~, or B~1~ site. The spin polarization results from the two Ni atoms that ferromagnetically couple with each other. The strain could effectively tune the magnetic and electronic properties of the Ni-LDs.

### 3.2.5. Electronic Structure and Magnetic Properties of V Atom Adsorption on Graphene {#sec3.2.5}

In the above section, the structural, magnetic, and electronic properties of Co, Fe, Mn, and Ni atoms are calculated. In the last part, the structural, magnetic, and electronic properties of V adsorption on the graphene are also calculated, as shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. The *E*~ad~ value of the H~2~ site is 2.18 eV, the corresponding V--C bond length is 2.21 Å (2.21 Å × 4), and there is 0.41 *e* electron transfer from the V atom to the graphene. For the H~3~ site, the corresponding *E*~ad~ value is −2.52 eV, which is obviously bigger than other sites. The corresponding V--C bond length is 2.15 Å (2.15 Å × 4), which is smaller than other configurations. While for the H~1~ site, the corresponding V--C bond length is 2.31 Å (2.31 Å × 3) and 2.32 Å (2.32 Å × 3), and the corresponding *E*~ad~ is 1.82 eV, which is consistent with perfect graphene.^[@ref49]^ For the B~2~ site, the V--C bond length is 2.17 Å (2.17 Å × 2) and 2.16 Å (2.16 Å × 2), and the corresponding adsorption energy is 1.75 eV, which are the smallest values in the considering sites, implying that this site is less stable than other sites.

###### Adsorption Energies and Structural Properties of V Atom for H~1~, H~2~, H~3~, and B~1~ Sites Investigated in This Work[a](#t5fn1){ref-type="table-fn"}

                           distance (Å)                                      
  ------ ---------- ------ -------------- ------ ------ ------ ------ ------ ------
  H~2~   --687.05   2.18   2.21           2.21   2.21   2.21   0.41   2.84   2.59
  H~3~   --687.39   2.52   2.15           2.15   2.15   2.15   0.48   2.69   2.86
  H~1~   --686.69   1.82   2.31           2.31   2.32   2.32   0.43   3.87   3.28
  B~2~   --686.62   1.75   2.16           2.16   2.17   2.17   0.38   2.97   2.99

The properties listed are *E*~ad~ (eV); bond lengths *d*~1~, *d*~2~, *d*~3~, and *d*~4~ (Å); charge transfer between TM and graphene Δρ (*e*); and total magnetic moments MM (μ~B~) and V MM~V~ (μ~B~).

There is an obvious charge transfer between the V atom and graphene. For the H~3~ site, the corresponding largest *E*~ad~ has the highest charge transfer 0.48 *e* electron. The V atom has 2.96 μ~B~ MM, and the whole system has 2.69 μ~B~ MM. For the H~2~ site, 0.41 *e* electron is transferred from the V atom to graphene. And the V atom has 2.59 μ~B~ MM, while the whole system has 2.84 μ~B~ MM. Carbon atoms of the square have 0.03 and 0.01 μ~B~ MM, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d. While for the H~1~ site, there is 0.41 *e* electron transfer between the V atom and graphene. And the corresponding V atom has 3.28 μ~B~ MM, and V-LD has 3.87 μ~B~ MM, which is consistent with previous results.^[@ref49]^ Each carbon atom connected with the V atom has 0.03 μ~B~ MM, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b. For the B~1~ site, V loses 0.38 *e* electron. The V atom has 2.99 μ~B~ MM. More details are found in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c.

![Spin density of single V atom adsorption on graphene with LD. (a--d) Different adsorption sites: (a) H~3~, (b) H~1~, (c) B~2~, and (d) H~2~. The isovalue is set to 0.003 e/Å^3^.](ao9b04154_0005){#fig9}

As discussed above, the magnetic moment also mainly localizes at adsorption sites. The V atom prefers to stay at the H~3~ site, and two V atoms intend to form an "extended metallic wire". The structural, magnetic, and electronic properties of the "metallic wire" are still unknown. In the following part, the geometry and the magnetic and electronic properties are investigated. Based on the coupling of two V atoms, there are two kinds of magnetic configuration. The FM and AFM configurations are calculated as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a,b, respectively. So, Δ*E* = 0.12 eV, which implies its FM ground state. For the AFM configuration, one V atom has 2.89 μ~B~ MM, while the other V atom has −2.89 μ~B~ MM. For lower energy of FM configuration, both V atoms have 2.89 μ~B~ MM. The corresponding *E*~ad~ value is 4.96 eV, which is consistent with the H~3~ site. The spin-polarized band structure and density of state at the FM state are also calculated, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c,d, respectively. The spin-α electron is conductive, while the spin-β electron is an insulator with a band gap of 0.20 eV. Therefore, V-LD is a half-metal. Besides, there is a Dirac cone composed of spin-α electrons, whose position can be modulated by strains. The half-metallicity is confirmed by the analysis of the density of states, and the states near the Fermi level mainly come from the contribution of the V atom and defective carbon atoms.

![(a--e) Spin density, spin-polarized band structure, and PDOS of V-LD. (a) Spin density of (c) FM and (b) AFM configurations of V-LD. (d) Band structure and (e) DOS of V-LD at the FM ground state. The blue and red lines represent spin-α and β electrons, respectively. Gray and black denote vanadium and carbon atoms, respectively. Here, the isovalue is set to 0.003 e/Å^3^.](ao9b04154_0009){#fig10}

3.3. Biaxial Strains Tune the Electronic Structure Properties of TM-LD {#sec3.3}
----------------------------------------------------------------------

When the nanodevices work, they have to be constructed and measured on certain substrates. There is lattice mismatch between all kinds of materials. To simplify these issues, we use the strain to simulate this situation and the stability of the half-metallicity under the strains is also investigated. Only the enlarged strain along lattice *a⃗* is investigated, and spin-polarized band structures under strains of 1 and 2% are also calculated, as shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). Though the band gap of the spin-β electron is decreased (0.07 eV for 1%, 0.04 eV for 2%), Co-LD still shows half-metallicity. More details and discussion are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf).

The strain is also generally used as an effective method to modulate the electronic properties of low-dimensional materials.^[@ref19]^ So, the effect of strain on the magnetic and electronic properties of Fe-LD is also investigated. We systematically investigate the effect of the enlarged strains. The spin-polarized band structures of Fe-LDs under +2 and +4% strains along the *a⃗* direction are calculated, as shown in [Figure S6a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf), respectively. With an enlarged strain of +2%, Fe-LD still presents half-metallic properties. And there is a Dirac cone lying 0.04 eV above the Fermi level for spin-α electrons, while it presents semiconductor with a band gap of 0.14 eV for spin-β electrons. As the strain is enlarged to +4%, Fe-LD presents semimetal with Dirac cone for spin-α electrons, while it shows semiconductive properties for spin-β electrons with a band gap of 0.13 eV, as shown in [Figure S6b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). So, smaller enlarged strains could effectively tune Fe-LD spin-polarized metal into a half-metal and even degenerate original Dirac cones composed of spin-α and spin-β electrons.

As discussed above, the strains could effectively tune the position of Dirac cone. So, the band structures of Mn-LDs under the enlarged strain are also investigated, as shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf) in the Supporting information. We mainly considered the enlarged strains of +1, +2, +3, and +4%. And the corresponding band structures are shown in [Figure S7a--d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). A Dirac cone of spin-α electron is shifted from the original 0.05 eV above the Fermi level to −0.01 eV below the Fermi level under 1% enlarged strain. As the enlarged strain is increased to 2%, two Dirac cones for spin-α electron are continuously shifted −0.015 eV below the Fermi level. While other Dirac cones composed of spin-α and spin-β electrons are shifted 0.05 eV above the Fermi level. As the enlarged strain is increased to 3%, two Dirac cones composed of spin-α electron are shifted downward −0.02 eV below the Fermi level. And there is a special Dirac cone composed of spin-α and spin-β electrons lying 0.01 eV above the Fermi level. As the enlarged strain is increased to 4%, two Dirac cones composed of spin-α electrons are shifted down −0.03 eV below the Fermi level. In a word, the position of Dirac cone can be tuned by the enlarged strains, which means that Mn-LD could be applied in valley and spin electronics.

The stability of V-LD under the enlarged strains along *a⃗* is also investigated, shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf). We can find that V-LD is still at the FM ground state and still shows half-metallicity. As the strain increases, the position of Dirac cone is tuned by strains. And the band gap of spin-α electrons monotonously decreases with increase of strains. For smaller strains (less than 3%), V-LD still shows half-metallic properties. As the strain is increased to 4%, the band edge of spin-α electron is shifted upward, even across the Fermi level. And V-LD changes from half-metal to normal spin-polarized metal. Therefore, the stability of half-metallicity of V-LD is well preserved, when the enlarged strain is less than 3%.

4. Conclusions {#sec4}
==============

In conclusion, we examine the geometry and the magnetic and electronic properties of TM adsorption on graphene with LD. For Co, Fe, Mn, Ni, and V atoms, the most stable configuration is the H~2~ site, which has the largest *E*~ad~ value. When a single TM (TM = Co, Fe, Mn, V) atom adsorbs on graphene, it introduces localized magnetism around TM and carbon atoms near the TM atom. And the corresponding magnetism mainly comes from the contribution of TM atoms. When two TM atoms adsorb on graphene, they tend to stay at the H~2~ site, forming a metallic line, which can work as a conductive metallic wire. All of the above-mentioned metal adsorption on graphene can introduce magnetism and spin polarization, and they are all at the FM ground state, while different metals show different electronic properties. TM-LD (TM = Co, V) is a spin-polarized half-metal, while TM-LD (TM = Fe, Mn, Ni) is a spin-polarized metal at the FM ground state. And uniaxial strains along the *a⃗* direction could tune TM-LD into half-metal (TM = Fe, Co, V) or semimetal (TM = Mn) with Dirac cones (composed of one or two kinds of electrons spin). These theoretical findings could open the door to the application in spintronics^[@ref9],[@ref62]^ and valley electrons.^[@ref24],[@ref61]^ This opens up the exciting possibility of the fabrication of carbon-based electronic devices with one-dimensional extended LDs that can be used as metallic wire interconnects or elements of device structures.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04154](https://pubs.acs.org/doi/10.1021/acsomega.9b04154?goto=supporting-info).Information on materials, magnetic moment distribution, PDOS of Co-LD, band structure of Co-LDs under the enlarged strains, PDOS of Fe-LDs, band structures of Mn-LDs under strains, band structures of V-LDs under enlarged strains, and band structures of V-LDs under enlarged strain ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04154/suppl_file/ao9b04154_si_001.pdf))
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